Abstract A major pathway of beta-alanine synthesis in insects is through the alpha-decarboxylation of aspartate, but the enzyme involved in the decarboxylation of aspartate has not been clearly defined in mosquitoes and characterized in any insect species. In this study, we expressed two putative mosquito glutamate decarboxylase-like enzymes of mosquitoes and critically analyzed their substrate specificity and biochemical properties. Our results provide clear biochemical evidence establishing that one of them is an aspartate decarboxylase and the other is a glutamate decarboxylase. The mosquito aspartate decarboxylase functions exclusively on the production of beta-alanine with no activity with glutamate. Likewise the mosquito glutamate decarboxylase is highly specific to glutamate with essentially no activity with aspartate. Although insect aspartate decarboxylase shares high sequence identity with glutamate decarboxylase, we are able to closely predict aspartate decarboxylase from glutamate decarboxylase based on the difference of their active site residues.
Introduction b-Alanine plays several critical roles in insect physiology. N-b-alanyl dopamine (NBAD) is formed from b-alanine and dopamine [1, 2] . It has been well known that NBAD is required for the process of cuticle sclerotization, therefore b-alanine is also required [3] . Recently it has been apparent that b-alanine also plays a pivotal role in synthesis of carcinine (N-b-alanyl histamine), a mechanism that is necessary for normal eye function [4] . It has also been shown that higher levels of sclerotization, stimulated by raising the levels of b-alanine, increase mating success and provide an adaptive advantage in populations where UV radiation provides selective pressure [5] . Conversely, Drosophila mutants that are unable to produce normal levels of b-alanine show markedly increased levels of melanization [6] as insufficient b-alanine to completely conjugate dopamine to NBAD results in excess dopamine being shuttled into a melanization pathway, ultimately forming 5,6-dihydroxyindole melanin, a reportedly cytotoxic chemical process [7] . b-Alanine also appears to play a role in pupae at eclosion [3] in what has been speculated to be an ecdysone stimulated mechanism [2] . Furthermore, b-alanine can be conjugated with histidine to form the dipeptide carnosine, which has been shown to improve the longetivity of male Drosophila [8] . Thus, it would seem reasonable to conclude that abnormally low levels of b-alanine will incur a fitness cost, while increased levels may provide longevity through, as yet, unestablished mechanisms.
In vivo b-alanine can be produced from aspartate through the decarboxylation of its a-carboxyl group by decarboxylase-mediated reactions. In Drosophila, mutation of a specific gene leads to a black phenotype (a more intense black cuticle than wild type), and therefore the corresponding gene has been named black. Two Drosophila glutamate decarboxylase-like cDNAs, termed Drosophila glutamate decarboxylase-1 (GAD1) and glutamate decarboxylase-2 (GAD2) respectively, have been cloned [9, 10] . Subsequently, it was confirmed that the Drosophila GAD2 corresponds to Drosophila black [2] . While the phenotype of the Drosophila black mutant suggests that Drosophila GAD2 (or black) has aspartate decarboxylase (ADC) activity [2] , its glutamate decarboxylase (GDC) function is, as yet, unconfirmed. Recently, a decarboxylase from Tribolium castaneum was identified. The mutant of this gene has the same phenotype as the Drosophila black mutant. The decarboxylase has been proposed as an ADC [11] .
Glutamate decarboxylation produces c-amino butyric acid (GABA), an amino acid that functions as an inhibitory neurotransmitter and has been linked with spatial orientation memory in Drosophila [12] . Interestingly, a number of novel putative GABA/glutamate receptors have been reported in neuronal lamina of the Drosophila visual system [13] . Because glutamate and aspartate are structurally similar, it is reasonable to speculate that decarboxylases capable of binding glutamate and mediating its decarboxylation might be able to do the same for aspartate. Although researchers, using the black mutant, were able to establish that Drosophila GAD2 has a higher specificity for aspartate than its GAD1 [2] , to date, the relationship between Drosophila GAD2 and GABA in vivo is somewhat murky as researchers have been unable to definitively differentiate between glutamate decarboxylase activity from Drosophila GAD2 and GAD1 [9] .
A blast search revealed that the counterparts of Drosophila GAD1 and GAD2 are present in all insect species whose genomes are currently available (Fig. 1) , suggesting that the b-alanine and GABA pathways may be indispensable in insects. However, the ambiguity in substrate specificity and overall biochemical properties of the putative insect GAD1 and GAD2 enzymes have become a major barrier to comprehending the physiology and biochemistry of insect b-alanine and GABA synthesis and regulation. The biological significance of b-alanine and GABA in insects apparently warrants an extensive effort to unambiguously establish the biochemical characteristics of the decarboxylases involved in their production. To understand the biochemical properties of insect GAD1-and GAD2-like enzymes, it is necessary to obtain pure forms for each of them so that their substrate specificities and biochemical behaviors can be clearly established. In this study, we expressed the Anopheles gambiae XP_315894 and Aedes aegypti XP_001655801 sequences, the equivalent of Drosophila GAD1 and also the An. gambiae XP_319650 and Ae. aegypti XM_001658385 sequences, the counterpart of Drosophila GAD2. Of these, only An. gambiae XP_315894 and Ae. aegypti XM_001658385 sequences were soluble and active. In this report, we provide data that demonstrate that the An. gambiae XP_315894 sequence (Drosophila GAD1 equivalent, thereafter, abbreviated as AnGDC) is a highly specific glutamate decarboxylase (GDC) and that Ae. aegypti XM_001658385 (Drosophila GAD2 equivalent, thereafter, abbreviated as AeADC) is a rigidly defined ADC. Our results provide clear evidence establishing that a specific ADC and GDC are present in mosquitoes. Because the mosquito ADC and GDC equivalents are present in all currently available insect genomes (see Fig. 1 ), it is reasonable to propose that each of these insects also has one specific ADC and GDC with similarly categorically rigid roles.
Materials and methods

Chemicals
All chemicals used in this paper were from Sigma-Aldrich unless specified otherwise. Fig. 1 Presence of Drosophila GAD1 and GAD2 equivalents in other insects. The Drosophila XP_476788 sequence was named GAD2 in its database. Based on results from this study, we reclassified some of the proposed GDC sequence to ADC based on high specificity of the mosquito XP_001658435 sequence to aspartate. Ae Ae. aegypti, An An. gambiae, Am Apis mellifera, Dm Drosophila malanogaster, Hu Homo sapiens, Tc Tribolium castaneum cDNA synthesis Total mRNAs were isolated from Ae. aegypti or An. gambiae larvae and earlier pupae using Trizol reagent (Gibco-BRL) according to the manufacturer's instructions. First-strand larval and pupal cDNA were synthesized using poly-T primers and subsequently used for amplification of the putative GDC/ADC sequences of AeADC and AnGDC sequences.
cDNA amplification A pair of forward (CATATGCCAGCCAACGGAATGTTC) and reverse primer (GAATTCACAAATCTGCAGCAAG TCGTT) were designed for the amplification of the AeADC coding sequence, and another forward (CATATGACG TCGATAAACGTGGACA) and reverse primer (GAAT TCACAAATCCTGACCAAGACGATC) were designed for the amplification of the AnGDC coding sequence. The underlined nucleotides in the forward primers and reverse primers correspond to an NdeI and an EcoRI endonuclease restriction site, respectively. The primers were synthesized and used for amplification of their cDNA from combined larval and pupal cDNA pools. The amplified cDNA fragments were cloned into a TA cloning vector and then subcloned into an ImpactTM-CN plasmid (New England Biolabs) for expression of their fusion protein containing a chitin-binding domain. The recombinant plasmids were propagated in Escherichia coli and the cDNA inserts were verified to be in frame by DNA sequencing.
Recombinant protein expression
Recombinant ImpactTM-CN plasmids containing AnGDC or AeADC coding sequence were transformed into E. coli cells and selected on bacterial agar plate containing ampicillin. Transformed cells were cultured at 37°C. After induction with 0.2 mM isopropyl-1-thio-b-D-galactopyranoside, the cells were cultured at 15°C for 24 h. The cells were harvested by centrifugation (3000g for 20 min at 4°C) for subsequent isolation of the AnGDC or AeADC recombinant proteins.
Recombinant protein purification
Proteins in transformed E. coli cells were solubilized by sonication and supernatants containing recombinant AnG-DC or AeADC protein were chromatographed on a column packed with chitin beads. Recombinant proteins were subsequently hydrolyzed under reducing conditions. The affinity purification resulted in the isolation of recombinant AnGDC or AeADC protein at 40-60% purity. Further purification of their recombinant proteins was achieved by Mono-Q, hydroxylapatite and gel-filtration chromatographies. Protein concentration was determined by the Bradford method (Bio-Rad protein assay kit) using bovine serum albumin as a standard. Purity of the recombinant AnGDC or AeADC recombinant protein was assessed by SDS-PAGE.
GDC and ADC activity screening
The AnGDC or AeADC recombinant protein was screened for GDC and ADC activities. Briefly, a reaction mixture of 100 ll containing varying amounts of purified recombinant protein and 30 mM concentrations of glutamate or aspartate was prepared in 0.2 M phosphate buffer (pH 7.0) containing 0.1 mM pyridoxal-5 0 -phosphate (PLP). The reaction mixture was incubated for 2 min at 25°C and then was derivatized by o-phthaldialdehyde thiol (OPT) agent as described in a previous method [14] . Determination of b-alanine or GABA in the reaction mixtures was based on detection of OPT-b-alanine or GABA derivatives by reverse-phase HPLC with electrochemical detection.
Kinetic analysis
Once the GDC and/or ADC activity of a given recombinant protein was verified, the affinity and catalytic efficiency of the recombinant protein to aspartate and/or glutamate were determined by incubating the protein in the presence of varying concentrations of aspartate or glutamate and the kinetic parameters were derived by Lineweaver-Burk plot.
Results
Protein expression and purification
Using combined larval and pupal cDNA pools, AnGDC and AeADC coding sequences were amplified from An. gambiae and Ae. aegypti, respectively, suggesting that both proteins are expressed in mosquito larvae and pupae. After Mono-Q, hydroxylapatite and gel filtration chromatographies of AnGDC and AeADC recombinant proteins, each displayed as a single band on SDS polyacrylamide gel (Fig. 2a, b) . During gel filtration chromatography, AnGDC and AeADC recombinant proteins behaved approximately as a 110 KD protein, suggesting that they are present as a dimer (not shown). Spectral analysis of the AnGDC recombinant protein revealed the presence of two absorbance peaks in the visible region with k max of 339 and 418 nm (Fig. 2a) , respectively. The presence of recombinant protein peaks at both 339 and 418 nm indicates that the PLP cofactor is linked to the recombinant protein through its conserved lysine residue to form an internal aldimine that is present in either its protonated or unprotonated form. The spectrum of AeADC recombinant protein in the visible region (Fig. 2b ) was similar to that observed for the AnGDC recombinant protein.
Substrate specificity
Incubation of the AnGDC recombinant protein with glutamate resulted in a rapid accumulation of GABA in the reaction. In 1.0 ml of a reaction mixture containing 5.0 mM glutamate and 50 lg AnGDC recombinant protein, more than 90% of the substrate was converted to GABA during a 20 min incubation period (Fig. 3b) . When aspartate was used as a substrate in the reaction mixture, only a trace amount of b-alanine was produced in the reaction mixture (Fig. 3c) . These data suggest that the AnGDC recombinant protein is specific for glutamate, and is consequently a highly specific GDC.
Incubation of the AeADC recombinant protein with glutamate did not result in the production of GABA during a 20 min incubation period (Fig. 3d) . In contrast, when aspartate was used as a substrate, more than 95% of the substrate was converted to b-alanine during a 20 min incubation period (Fig. 3e) . These data provide the basis for suggesting that the AeADC recombinant protein is a highly specific ADC. An excess of GDC or ADC was used in the reaction mixtures to unambiguously determine the substrate specificity of these proteins.
Kinetic properties of mosquito GDC and ADC
At the applied conditions, the K m of AnGDC to glutamate was 2.2 mM with a calculated V max of 1.2 lmol min -1 mg -1 . The mosquito ADC displayed a K m of 1.8 mM to aspartate with a V max of 0.63 lmol min -1 mg -1 (Fig. 4) . Although the K m values of the two enzymes are relatively high, they apparently can, quite efficiently, catalyze the production of GABA and b-alanine due to the relatively abundance of these two amino acids in animals and also the irreversible nature of their reactions (Fig. 3) , which in-turn raises an interesting question regarding the regulation of both GDC-and ADC-catalyzed reactions in vivo. The followings are the enzyme-catalyzed reactions:
Discussion
In mammals there are two GDC sequences, termed GAD1 and GAD2 (or GAD67 and GAD65), respectively [15, 16] . GDC knockout studies in mice demonstrate that both GAD1 and GAD2 are essential. For example, Gad1
-/-mice have substantially reduced GABA levels and die at birth of severe cleft palate [17] . Gad2 -/-mice have normal basal levels of GABA and appear normal at birth, but develop fatal seizures and anxiety phenotypes [18] . The physiological importance of GABA has attracted considerable attention to the proteins that are responsible for GABA production, leading to the cloning and functional verification of a number of mammalian GDC sequences. The availability of the verified mammalian GDC sequences facilitates the prediction of GDC from other species once their corresponding sequences are cloned. For example, both the proposed Drosophila GAD1 and GAD2 share high sequence identity with the mammalian GAD1 and GAD2 and their initial assignment as a GDC [10, 19] was based primarily on their similarity with mammalian GDC sequences. Likewise, both the mosquito GDC and ADC share a high sequence identity ([43%) with mammalian GDC sequences, which explains their assignment as GDCs in the mosquito genomic database. Our data about the high degree of specificity of mosquito GDC and ADC raises a critical question regarding other sequences that were previously classified as GDC sequences based solely on sequence similarity with mammalian GDCs. Also, the question of the structural basis of this substrate specificity is raised by the mutually exclusive substrate specificity of mosquito GDC for glutamate and ADC for aspartate in spite of their high sequence identity. Glutamate and aspartate have similar structural and kinetic properties (Fig. 4) . It has generally been considered that GDC, responsible for catalyzing the production of GABA from glutamate, also has aspartate activity. Although this presumed aspartate activity of GDC is mentioned occasionally in the introduction or discussion in some GDC-related reports, it has never been critically analyzed or clearly discussed. In this study, we provide data that demonstrate that the true mosquito GDC is highly specific with essentially no activity to aspartate. Likewise the mosquito ADC functions exclusively on the production of b-alanine with no activity to glutamate. Although high substrate specificity may be unique to insect GDC and ADC, perhaps due in part to the specific physiological requirements during their development, it would be prudent to substantiate the putative aspartate activity of GDC proteins in other species.
In insects b-alanine is involved in several biochemical processes/events which do not seem to occur in other species. For example, b-alanine serves as a precursor for the production of N-b-alanyldopamine, a cross-linking precursor in insect cuticular sclerotization. Periodically, insects need to shed off their old cuticle and produce a new one. The new cuticle, once formed, must be hardened rapidly for protection by sclerotization and melanization. Therefore, cuticle sclerotization is essential for the growth and survival of insects. Histamine serves as a neurotransmitter in photoreceptor response in insects, but upon being released from synaptic vesicles in photoreceptor terminals and transmitted its nerve impulses, histamine needs to be inactivated in the synaptic cleft and b-alanine has been determined as the compound used by insects to inactivate photoreceptive histamine through the formation of b-alanyl-histamine by ebony-mediated reactions [4, 20, 21] . A recent report suggests that b-alanine is also indirectly involved in the regulation of circadian rhythms through its conjugation with dopamine in central nervous system [22] . To fulfill these functions, the availability of b-alanine apparently is a prerequisite. These physiological requirements may explain why a highly specific ADC has been evolved in mosquitoes.
AnGDC shares 50-55% sequence identity to mammalian GDC sequences. The 3-dimensional structures of both human GDC1 and GAD2 have been available [23] . Comparison of the AnGDC sequence with human GDC sequences determined that their residues involved in substrate and PLP binding are conserved [23] . The great similarity of the AnGDC primary sequence and the conservation of its ligand binding residues (Fig. 1) at its predicted active site with those of human GAD1 explain the activity of mosquito enzyme towards glutamate. We attempted to express four decarboxylases, putative GDC proteins from An. gambiae and Ae. aegypti, putative ADC proteins from An. gambiae and Ae. aegypti, but we only got soluble and active recombinant proteins of putative An. Fig. 4 Michaelis-Menten plots and Lineweaver-Burk plots derived from reactions with AnGDC (a) and AeADC (b) utilizing varying amounts of glutamate and aspartate as substrates respectively. Reactions were stopped after 2 min and derivatized with OPT reagent to determine product formation gambiae GDC and putative Ae. aegypti ADC. The use of putative GDC and ADC proteins from different mosquito species for comparative studies is less than ideal. However, each of the two decarboxylases from the two mosquito species share a high degree of amino acid sequence identity with their counterparts; putative ADC proteins from An. gambiae and Ae. aegypti are 84% identical, and their putative GDC proteins are 91% identical. Based on human GAD1-ligand complex structure [23] and amino acid sequence alignment, we identified the active residues of the four proteins for substrate binding. GDCs from both mosquito species share exactly same substrate binding residues with human GAD1 (QLS-F-L-R), and ADCs from the two mosquito species share the same substrate binding sites (QLF-Y-L-R), but not with human GAD1. It is generally accepted that substrate specificity is mainly determined by the binding residues in the enzyme active site; therefore the substrate specificity from an ADC from one mosquito species could represent that of other mosquito ADCs and same with GDCs.
The AeADC sequence shares 43 and 45% sequence identity with human GAD1 and GAD2, respectively. Obviously this level of sequence identity is sufficient to classify the AeADC sequence a GDC beyond reasonable doubt. Moreover, the corresponding PLP binding residues, identified in human GAD1 (Q190, H91, E373, K396 and Y434 and R567) [23] are conserved in the AeADC sequence. However, the 3-dimensional structural analysis and substrate binding residue identification may help understand the substrate specificity of these two decarboxylases. AeADC has two different substrate binding residues from human GAD1, S vs. F, and F vs. Y. Phenylalanine residue in AeADC is bigger than serine residue, the counterpart residue in human GAD1, occupies more space. Therefore, the substrate binding site of AeADC might be too small to bind glutamate. However, to fully understand the structural basis of its substrate specificity, we will need enzyme-ligand complex structures and enzyme mutation studies.
